 Energy consumption and environmental parameters of a base transceiver system have been monitored.  Energy consumption is related to the air conditioning functions and to the load of telephone traffic.  Energy saving can be obtained by careful choice of cooling parameters and by turn off BS transceivers  Energy saving parameters can be estimated by a simulation Monte Carlo method. 
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Introduction
Telecommunications is one of the sectors where the continuous growth in demand for mobile services and the parallel technological development go hand in hand with regards to energy consumption; it suffice to think that information and communications technology (ICT) is accountable for consumption of about 3% of the world's total electrical energy. By the end of 2030, it is expected that this figure will grow to 1,700 TWh [1] For this reason, the issue of BSs energy management is fundamental for sustainable development of the sector [2] . Previous literature proposes a number of solutions for efficiency and / or energy savings. The first set of energy-saving suggestions focused on transmission functions. For example, it was proposed to act on the range of action of the plant (cell zooming) [3] , on the high-efficiency power amplifiers [4] , on the technological improvement of radio frequency units and smart antenna technology [5] , by setting the BSs to stand-by mode [5] [6] [7] [8], in order to correlate network energy consumption and telephonic traffic load [9] [10]. Furthermore, energy consumption can also be reduced by acting on the air-conditioning systems, both via a correct setting of the apparatus system control [11] [12] and innovative conditioning systems [13] [14] [15] .
To better implements the energy saving actions and, consequently, improve the environmental impact of the cellular networks, it is necessary to accurately monitor the energy consumed by a BS. The aim of this paper is the study and analysis of energy consumption of a BS, and related environmental parameters, through a monitoring campaign aimed at getting a clear and complete picture of the consumption dynamics of a BS, and the variables that exert more influence on its performance.
Characteristics of the base transceiver stations studied
The monitoring involved six BSs of the telephone service provider Wind, located in the municipalities of Frosinone, Sora (FR), Cassino (FR), and Pontecorvo (FR) in center Italy. Regarding the typology, the characteristics of different BSs are indicated below: Shelter: cabins made of aluminum and polyurethane foam containing the transmission equipment (housed in special boxes), air conditioning system and all that is needed for the correct functioning of the BS. Room: buildings containing the same equipment as a shelter. Outdoor: box containing the transmission equipment. Neither any kind of coverage, nor air conditioning systems are present.
The cooling of indoor air is required in the room and shelter because of the high temperatures of the indoor environment; this is due to the large amount of heat dissipated by the transmission systems and to the factor of solar radiations falling on the cabin (the latter is obviously also present in the case of outdoor BSs, though they are not provided with air-conditioning systems).
The methodologies usually used to decrease the temperature inside the shelter can be identified as:  Free cooling (FC): cooling system that utilizes atmospheric air temperature to lower the temperature inside the structure: the air enters the room from the outside through a vent.
 Air conditioner (CDZ) In the case study, for both types of BS (shelter, room), the free cooling system and the air conditioner are located on the same machine and are ON / OFF type. When free cooling is turned on, an extractor is activated, which stops the enclosure from overpressuring. The on / off of the air conditioner and free cooling is controlled by a PLC (Programmable Logic Controller), with preset "ON" thresholds and associated hysteresis values. The latter represents the temperature drop needed (after reaching the "ON" threshold) so that the cooling machine turns itself off. Over the ON / OFF thresholds presented in the Table 2 , the PLC indicates activation of the free cooling if the outdoor temperature is lower than 24 °C, and if the difference between indoor and outdoor temperature is higher than 2 °C.
Materials and methods
In the monitoring campaign, the features of stations (shelters, room, outdoor) and the following operating parameters were considered separately:
The measurements were acquired via:
• LSI LASTEM -Elog: a data-logger for environmental applications, to which the signals from the various sensors used for the measurements were fed. Specifically: Pt100 probe: it provides a temperature reading. Apart from the Pt100, the LSI LASTEM is equipped with its own inner thermocouples. This allowed us to read both the internal and external temperature of the station. Phonometer Smart Sensor Model AR814: noise was measured for better understanding of the dynamics of the ON / OFF status of the air conditioning equipment. Radiometer: the measurement of global radiation allows for control of environmental factors outside the station.
• Wireless Monitor CM160: data-logger that allows to record electricity consumption in real time. The monitor acquires data sent from a transmitter to which three amperometric clamps (one for each phase of the electrical panel of the station) are connected.
• Thermometer CAR-889: infrared thermometer with a laser indicator to measure the temperature of the individual devices.
The data collection period lasted one week (7 consecutive days) for each station, during which averages per minute for all measured variables were acquired. Therefore, in total, for each measurement, 10,080 measured values were recorded. Furthermore, the traffic data (hourly averages of traffic voice and data) of the stations was also retrieved from the operator, for the duration of the sampling.
Results and discussions

Analysis of total energy consumption
The first result relates to the average daily and yearly energy consumption of a BS, depending on its typology. The measurement campaign was performed in early autumn, and these researchers consider it valid to simulate the annual average environmental conditions (ambient temperature, solar radiation and telephone traffic) for Central Italy; it is possible to calculate annual energy consumption from daily experimental results. Moreover, the figures on the annual energy consumption are consistent with those reported in [16] , where the energy consumption of BSs were calculated from statistical data of annual consumption for 95 BSs on the Italian territory. In other words, the experimental conditions allow to consider annual data from daily or hourly results as representative of the system for the whole year. From the analysis of the energy consumption of 6 BSs examined, reported in Table 3 , it emerges that the average daily consumption of a BS ranges between 41 kWh and 117 kWh, depending on the type of BS. These result permits to calculate, considering that each BS is on for 365 days for year, an annual energy consumption of a BS ranges between 14,965 kWh and about 42,705 kWh: it is higher for shelter (daily average 108 kWh) and room (daily average 76.5 kWh), and lower for the outdoor type (daily average 53 kWh).
Starting from the average daily energy consumption, CO2 emissions for the different BSs monitored have been calculated following the procedure defined by IPCC guidelines in [17] and values are reported in Table 3 . These results are justified by the fact that BSs "Room" and "Shelter" require more energy, due to the air conditioning of the "building" that contains the devices needed for the operation of the entire plant. It is possible to distinguish between the energy consumption of the cooling system, approximately 40 -45 % of the total energy, and that of the transmission functions, which is about 55 % -60 % of the total consumption of the system, confirming previous literature results [16] . Fig. 1 , through the monitoring results, exemplifies the operating principle of free cooling and air conditioners for the period considered. In detail, in the Fig. 1 are shown: the internal temperature (blue line), the outside temperature (red line) and the set point of free cooling and air conditioners. Note that the free cooling are always ON at night and in the evening, when the internal temperature is always above the threshold of Table 2 , while the air conditioner 1 is ON when the threshold is equal to 27 °C and OFF at the hysteresis value of 26 °C ((27-1) °C). During the day, the two free cooling are OFF because the outside temperature is above 24 °C, and then they resume normal operation at night, when the outdoor temperature returns below the threshold. 
Energy consumption versus traffic load
To understand the characteristics of energy consumption of the BS, first the amount of traffic handled by the various BSs must be taken into account.
To study the behavior of energy consumption as a function of the load of telephone traffic, this paper considers the "outdoor" station in Table 1 (FR005) . It was chosen because it does not require energy to power the air conditioning; hence, it is possible to easily correlate the energy consumption only to the transmission functions (i.e. traffic load). A typical weekly traffic behavior is presented in Fig. 2 , where the energy consumption related to the traffic load for the "outdoor" station FR005 is shown: the horizontal axis shows the sampling period, the ordinate axis on the left shows the energy consumption (kWh -red line), while the ordinate axis on the right shows the total telephone traffic (erl) (purple line), the voice traffic (green line) and the data traffic (yellow line) An important aspect to consider, in the analysis of the BS traffic, is the behavior of voice and data traffic over 24 hours: the former is characterized by very low traffic at nighttime, with an increase in the early hours of the morning, and two p. 6peaks corresponding to late morning and evening; the latter shows a similar trend, but with a phase shift of a few hours for the position of the traffic peaks. In terms of percentage, moving from a subdivision of 60% voice and 40% data in the morning, 40% voice and 60% data in the evening, up to 10% voice and 90% data at night: the difference is certainly due to a different social behavior of end-users of the terminals (e.g. mobile phones, smartphones, tablets, etc.) during the day. Data analysis shows that the difference in energy consumption between the periods of minimum and maximum traffic is about 400 Wh (in Fig. 2 , from 2.4 kWh to 2.8 kWh). This behavior is also present in other types of BSs (shelter and room), though less prominent due to the energy contribution related to climate control. Moreover, it is quite clear that the energy consumption fluctuates daily along the traffic load trends. However, it should be emphasized that in the days when the station receives less telephone traffic (weekend), energy consumption does not change: indicating that there is no active energy management system, based on the traffic load.
A key concept to reduce the energy consumption in transmission is to turn off or on, depending on the needs of the traffic, the transceivers (TRXs) system of a BS. During periods of low traffic, TRXs, or also entire cells, can be placed in standby mode, thus avoiding the unnecessary waste of energy used to keep systems always on. This operation is usually called "power saving" [16] [18] [19 ] [20] [21] . In order to study the amount of energy that can be saved through a possible TRX shutdown, an algorithm based on the Monte Carlo method has been developed [22] , which allows to simulate the behavior of a BS in "power saving" mode with different traffic loads (number and length of calls), characteristics and types (GSM, DCS); moreover, the algorithm also takes into account the Grade of Service of the BS, defined as the percentage of incoming calls to the BS that can be correctly handled, and simulates the TRX shutdown only if this does not affect the parameters of the station. In the Monte Carlo simulations, input data coming from real traffic data is used. The number of new incoming calls has been supposed to have a Poisson distribution, while the length of the calls has been simulated by an Exponential distribution. The algorithm thus provides for every cycle a number of new calls and a call length for every call. The allocation of the calls in the available time slots is casual in the normal (No Power Saving) regime. Differently, in the Power Saving regime they are allocated in the free channel in the lower order TRX. A TRX is switched OFF if it is left unused for a suitable number of cycles. The procedure is iterated for the next cycle until the end of the simulation period, usually one day. The power consumed by the BTS is calculated by summing the power consumed by the fixed apparatus (65 W), the power consumed by every channel in the control transmitter (12 W/channel), and the power consumed by every channel in the remaining active transmitters (9W/channel). These power values have been provided by the suppliers. The following stage of the study was the energy consumption trend, in relation to the need for air conditioning of the devices containing the equipment for the operation of the station. As mentioned in the previous paragraph, more than 40% of the energy needs of the shelters and the rooms are related to air conditioning. For this purpose, the researcher measured the energy consumption and some environmental parameters and operation of the BS type "Shelter" and "Room", with the methods described above. The "shelter" stations studied are the FR001 and FR009 (see Table 1 ) with the same number of TRXs and the same type of air-conditioning equipment and transmission. The two stations denoted a similar behavior. Below is the report and discussion of the results for the single station FR001.
In Fig. 4a-4d are the daily trends (for the day September 27, 2013) for energy consumption, global radiation, internal and external temperature and noise. It is possible to note for energy consumption (Fig. 4a) , internal temperature (Fig.  4c) and noise (Fig. 4d) , three distinct behaviors for three different periods of the day: 1) from midnight to about 9 AM, 2) from 9 AM to 6 PM, 3) from 6 PM to midnight. Keep in mind that the day shown in the graphs is one of the hottest days of the sampling period; in fact, the external temperature (Fig. 4c, red line) reached a maximum value during the day of 26 °C. The three time lapses will be analyzed as three distinct trends. In the first (night) and the third period (evening), characterized by the lowest temperature of the day (Fig. 4c) , with a minimum of 14 °C at night, energy consumption grew from about 3,5 kWh, from the free cooling systems (always ON) and the contribution of telephone traffic, to about 6.5 kWh due to the activation of the air conditioner 1.
The constant trend of the noise in the graph (Fig. 4d) is caused by the shelter extractor, which starts running at the activation of the free cooling, to prevent over-pressurization of the room. The internal temperature fluctuates around 27 degrees (temperature threshold of CDZ1). Something different needs to be done for the period corresponding to the hottest hours of the day. In this case, the free cooling are off, since it is useless to extract hot air from the outside to cool the inside; hence, only the air conditioner is used. The energy consumption ranges from about 3 kWh (due to power systems of the entire BS added to the contribution of telephone traffic) to about 6 kWh when the air conditioning is turned on. Concerning the measurement of noise, the absence of an active free cooling causes the trend to oscillate and follow the activation-deactivation of the air conditioner. The oscillation frequencies of energy consumption and internal temperature are related to the effects of hysteresis of the air conditioning systems (FC and CDZ) and/or to their operation cycles. The overall trend (curvilinear) of energy consumption, with the highest values in the evening and the lowest at night and day, is also connected to the incidence of the traffic load on the latter. Ultimately, it is possible to schematize the contributions of traffic and air-conditioning energy consumption as in Fig. 5 , where POWER is the energy base demand of the BS; the terms En_FC1 and En_FC2 are the energy contribution coming from free cooling 1 and 2 respectively; En_CDZ1 and En_CDZ2 are the energy contribution coming from air conditioner 1 and 2 respectively; TRAFFIC is the energy contribution coming from the load traffic (during night period this contribution is almost irrelevant), and MIN and MAX correspond to the highest and the lowest value of the energy consumption in Fig. 4a . The situation is different in the case of cold days (e.g. December 7, 2013 with the maximum temperature equal to 13°C ). During the night and in the morning, power is consumed only by the free cooling, since the cold air from the outside is sufficient to lower the temperature inside the shelter. When the internal temperature begins to increase, due to the outdoor temperature, one of the air conditioners starts. In this case, there is a clearly different energy consumption behavior. In fact, it is lower than during a hot day, because even during the day, the two conditioners are never turned on because the external temperature is lower and the free cooling can cool the internal part. The two BSs type "Room" have the same number of TRXs and the same type of conditioning and transmission devices. The behavior is the same as the "shelter" stations, where the contribution of the air-conditioning equipment is clear. In fact, the temperature rises until it reaches the threshold for activation of the air conditioner, and then moves to lower values. This allows turning off the air conditioners and leaving the two free cooling ON. A factor to keep under control in "Outdoor" BS is the high internal temperatures reached by the device. Fig. 6 shows the values of the temperature outside and inside the box that contains the transmission equipment for the BS FR005. It is clear that the internal temperature depends on the external temperature; moreover, even for moderately high external temperatures, the cabinet will reach a high internal temperature; for example, in the specific case, it comes to over 45°C
, although the outside temperature is not higher than 20 °C. Please note that the dependence between outside and inside temperature is lost in the BSs type shelter and room, when the free-cooling and air-conditioning function are activated based on on-off logic. 
Metrics and standardization
For the evaluation of energy performance of a BS, it is useful to identify the metrics that allow to compare energy consumption regardless of their operating characteristics (type, technology, etc.) and their location (urban, rural, etc.). This standardization work is being carried out by all the suppliers and international service providers through their associations, such as the ITU and ETSI, which have set up special committees to promote and produce their own standards to be used globally in the field of telecommunications. In particular, they are developing harmonized methods to assess the energy efficiency of BS through universal indicators [23] .
Here is an example of two possible indicators: Indicator I1: Traffic/ Energy Consumption (erl/kWh -Bit/kWh) Indicator I2: Coverage Area/ Energy Consumption (m 2 / kWh) There is an ongoing discussion as to whether these indicators can actually allow to compare energy performance of BSs that differ in type and technology. Essential for the calculation of these metrics are the following parameters:
 Timing advance (TA): time required for a signal to reach the radio base station from a mobile phone. Each unit of TA corresponds to 550m.  Measurement report (MR): data samples sent by the mobile station every 480ms, regarding the change of the network and radio parameters. The MR can be used as an estimate of the users (mobile stations) that are within range of the station. Fig. 7 outlines the performance of the measurement report as a function of the timing advance, for station FR001. It is easy to notice the decrease of the measurement reports, the larger the distance from the station. As can be seen, 90 % of MR is located in the range of 10 TA, and this will be the limit value of the calculation, entailing a coverage of the BS at a distance of 5500 meters. 
Conclusion
Energy monitoring was carried out on 6 BSs located in center Italy and belonging to 3 different types (shelter, room, outdoor). According to the type of BS, the power consumption is greater in shelter and room than outdoors; in this particular case ranging from an average of 39,420 kWh/year for the shelter, to 27,923 kWh/year for room and 19,345 kWh/year for the outdoors. This difference in consumption is mainly due to the need of shelter and room to use air conditioning systems inside the building. Energy consumption follow the traffic load, even if they does not change when the station has less telephone traffic (days of weekend), i.e. the energy management of the radio base station is independent of the telephone traffic load. Moreover, it has been emphasized that the voice traffic and data traffic patterns are slightly different over 24h reflecting the different "social behavior" of the end-users.
A specific "TRX intelligent shutdown" simulation algorithm has been used to show that an energy saving of about 20% can be obtained. Measurements show that air conditioning systems cover the 40 -45 % of the total energy consumption. The principal behavior of the "Shelter air conditioning systems" has been described as the functions of the single apparatus. For typology "BS outdoor" the temperatures of the apparatuses has been monitored, founding very high temperatures even with external mild temperatures. In order to make a comparison between stations with different characteristics and localizations, a standardization process is needed. An indicator, proposed by ETSI and ITU, has been used for the BSs monitored.
